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ABSTRACT

Aluminum is more widely employed metal in industries due to its
advantageous characteristics. But there are some limitations in the usage
of aluminum which can be resolved by developing composites with
reinforcement. So, AMMC is gaining more recognition in the industrial
sector with regards to its mechanical behavior and possess good thermal
conductance. Aluminum based MMC reinforced with TiC and graphene
particles were developed successfully by two step stir casting. Two step
stir casting was incorporated to overcome the disadvantages of the
traditional stir casting technique that results in increased porosity and
agglomeration which results in the non-homogeneous distribution of the
particles. The stirring speed and stirring time play a vital role in the
microstructure and mechanical properties of the final fabricated
composite. The weight percentage of Al6061 is 95.7% is reinforced with
TiC of 4% and Graphene of 0.3% under the parameters of stirring speeds
400 and 500 rpm and with stirring time of 10 and 20 minutes. To
estimate this, mechanical property such as hardness is analyzed for pure
aluminum and the reinforced composite with different stirring
conditions that proves the enhanced properties of the developed hybrid
composite. In addition to this, the SEM analysis were done to test the
homogeneity of the particle distribution in the matrix.
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CHAPTER 1
INTRODUCTION
1.1 Background
The artefacts that we live with and use every day are composed of a variety
of materials.

These materials provide opportunities and challenges for

innovations, advancement, and problems. Aluminum matrix composites
provide many benefits because of their low weight to strength ratios [1]. Thus,
aluminum Composite materials have many applications, such as automobile,
aircraft, and structures.
Composite materials are a combination of two or more materials with different
physical and chemical properties, which provide superior properties and
performance over that of the that of the individual components [1][2].
Composites are usually made by particulates, sheet reinforced, and whisker or
short fibre materials called reinforcements, which are bound together by a
matrix [3]. Based on the type of matrix involved, composites are classified
into CMC, PMC and MMC.
MMC are comprised of a combination of metals and either another metal or
non-metals, such as ceramic or organic compounds [3]. Their composition
makes them flexible in applications and use because of their properties and
manufacturability. These hybrid composites are the combination of two or
more constituent elements (i.e., reinforcements) that run into a matrix that
results in greater strength of the product, while overcoming the limitations
1

imposed by the conventional monolithic aluminum. The matrix is usually a
lighter element such as aluminum, magnesium or titanium and provides
compliant support for the reinforcements [4]. The reinforcement may be
continuous or discontinuous. They are used to change the physical properties
such as density, melting point and so on; mechanical properties such as wear
resistance, ultimate tensile strength (UTS) and hardness [3] [5]. Therefore,
MMC possesses high thermal and electrical conductivity, fire resistance, and
high strength stiffness [5]. Principally, Aluminum-based MMC (AMMC) play
a crucial role in composites development as aluminum is the majorly used
metal in the industries.
AMMC is a man-made material that is a combination of at least two
chemically distinct materials with one material being aluminum and some
reinforcement material [2]. AMMC materials have many desirable properties
for industrial applications: higher tensile strength, lower weight to strength
ratio, good hardness, and lower coefficients of thermal expansion than pure
aluminum [6]. AMMC possess enhanced properties that make it important in
the industries that demand high profile standard metals [7].
Different materials can be used for the reinforcement in AMMC. Popular
reinforcements are SiC, TiC, WC, BC, Al2O3, Gr, graphene and fly ash.
Therefore, with the range of available reinforcements, the aluminum
reinforced composites provide a great potential for certain industrial fields
such as automotive, aerospace, electronics and communication [6][7].
Aluminum-based composites are far superior in wear resistance to other
matrix alloys due to high strength to wear ratio [8].
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Hybrid-based aluminum metal matrix materials are manufactured using two
step stir casting methods, where the reinforcements are added in a semi-solid
state of the matrix aluminum for the purpose of overcoming the disadvantages
that are caused by the conventional stir casting method.

However, the

manufacturing method still has challenges, particularly that there can be an
agglomeration of the reinforced particles and there can be undesirable
porosity. A significant challenge in the manufacturing of composites is getting
a uniform distribution of the reinforcement into the matrix to get a consistent
microstructure. Although the selection of the specific reinforcement material
is critical, the size and the weight of the reinforcement is also important in
achieving the desired properties [9].
Nano particles can result in improved properties of composites. For instance,
nano particles used in the development of AA-7075 MMC showed a welldensified structure, better hardness, and improved tensile and compressive
strength, when compared to micro-scale composites [32]. However, there are
also difficulties in achieving consistency in the fabrication process. The
purpose of this research is to fabricate an Aluminum-based composite using
both micron-sized TiC and nano-sized graphene particles using different
stirring speed and time to achieve the uniformity in the distribution of the
particles in the matrix.

1.2 Research question:
Specifically, the research is designed to explore whether:
• Whether the produced composite can have a uniform distribution of
reinforcement (i.e., TiC and Graphene) given that the nano particle of
3

graphene is hard to distribute in a homogeneous manner in matrix
aluminum.
• Whether the mechanical properties of the composite were improved
using the nano-sized reinforcement, and if so, how significantly it has
increased.
Since, the nano particles are hard to distribute homogeneously in the matrix,
the research work is conducted towards this. To make it uniform distribution,
fabrication work is carried out with different parameters of stirring conditions
especially on speed and time. The distribution of particles is tested by varying
the stirring time and stirring speed of the stir casting process. If the uniformity
is achieved, then the mechanical properties will obviously get increased.

1.3 Objective of this research:
The objective of this work is as follows:
• Fabricate the hybrid AMMC.
• Optimize the process parameters for fabricating technique to test
homogeneity of the reinforced particle.
• Analyse the microstructure of the developed composite.
• Examine the mechanical property of the produced AMMC.

1.4 Organization of the Paper:
This research paper totally consists of 6 chapters. Chapter 1 provides the
general background of AMMC and the importance of MMC. Chapter 2 is the
literature review about the composite types, MMC structure, processing
method and the mechanical property. Chapter 3 describes the experimental
4

procedure that is followed in this research paper. In chapter 4 the results of
the microstructure analysis and the experimental values for the mechanical
property is listed and discussed. The conclusion of the present research work
and future works are summarized in the chapter 5.
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CHAPTER 2
LITERATURE REVIEW
In this chapter, the review and preliminaries of the composite structures are
discussed. Different fabrication techniques are discussed and compared
including two-step stir casting methods. The characteristics of the composites
can be related not only to the inclusion of reinforcements themselves, but also
to the reinforcement distribution in the matrix and the reinforcement-matrix
bonding.

2.1 Introduction to composite structures
The possibility of combining various material systems, i.e., metals, ceramics,
and polymers, offers the possibility of infinite variations and properties of
operation. For thousands of years human beings have been making those
variations. An early example of that is mudbricks. To provide a construction
material, mud may be dried out into a brick form. Composites are mainly used
for its high strength to weight ratio. It is also found naturally, for example,
wood is a kind of composite as it is bonded together by cellulose fibres and
lignin. Individually, lignin and cellulose are weaker substances. Two weaker
substances together form a stronger substance [10]. Figure 1 describes the
classification of composites.

6

Figure 1 Classification of composites.

2.1.1 Metal Matrix Composites
MMC are usually made of two distinct elements with one being metal as the
matrix and the other being reinforcement that is distributed through the matrix
[11]. In other words, metal matrix and reinforcement together make the MMC.
These MMCs exhibit characteristics that are way more beneficial than the
characteristics of monolithic metal.

Also, they possess advantageous

properties that cannot be obtained when these phases are present individually.
Unlike conventional alloying, MMCs are fabricated by means of processing
techniques. Composites have proved its importance and application in many
industries that have gathered its attention to develop composites using many
metals and alloys. Aluminum, magnesium, copper, titanium, iron and so on
are such metals that are widely used in manufacturing sectors that act as good
resources for developing composites. All these wide availabilities of MMC
have led to the increased global market opportunities. There are a lot of
7

processing techniques under which composites are fabricated. Figure 2
represents the classification of processing methods under different state of
processing.

Figure 2 Classification of metal matrix processing [11].

In 2015, the global market of metal matrix composite was $287.5 million USD
and it is forecasted to rise at a rate of 6.6% from 2016-2014. This increase is
8

predicted to occur in the fields such as Aerospace, Electronics/thermal
management, ground transportation and so on. Currently, ground
transportation is expected to be the most productive market for MMC. This is
due to the rapid development of the Asia- Pacific automobile market where
people have started to invest in buying cars, both for necessary transportation,
but also as a status symbol and luxury item. Therefore, automotive industries
have been pushed to demand fuel efficient vehicles in which MMC
contributes its vital part [12].

Figure 3 North America Metal Matrix Composites Market, By End-Use, 2014 – 2024
(USD MILLION) [12].

2.1.2 Ceramic Matrix Composites
The inspiration to create CMCs was to overcome the issues associated with
the ordinary technical ceramics like alumina, silicon carbide, aluminum

9

nitride, silicon nitride or zirconia that break effortlessly beneath mechanical
or thermo-mechanical loads because of rupture initiated by small faults or
scratches [13]. A sub-group of composite materials as well as a sub-group of
ceramics are CMCs. They are usually made of ceramic fibres such as oxides,
carbides and so on that are trapped into the matrix. Fibres and the matrix, both
are made of ceramic materials. Also, carbon and carbon fibres can also be
considered as ceramic matrix [14]. Fibres that can tolerate high temperature
that is needed for the production of ceramic without remarkable damage are
only used. Long multi-strand fibres have excessively increased the crack
resistance, elongation and thermal shock resistance. The reinforcements used
in composites of ceramic matrix (CMC) help to improve the fracture strength
of the combined material system while also taking full advantage of the
ceramic matrix 's intrinsic high strength and Young's modulus. The most
common reinforcement embodiment is a ceramic fibre of continuous length
with a modulus usually slightly lower than the matrix. Most of the ceramic
have ionic bonding and some have covalent bonding. These long-fibre
reinforcement possess properties like at high temperatures it can provide high
mechanical strength, possess high thermal shock resistance, high stiffness,
high thermal stability and high corrosion resistance [15]. The CMC is used
mostly in aerospace, defence, electrical and electronics and in automotive
parts [16]. Also, very important applications of glass CMCs are supersonic
planes, high speed civil transport planes and turbine blades [17].

2.1.3 Polymer Matrix Composites
In PMC, organic polymers act as a matrix and fibres act as a reinforcement.
Strength and elastic modulus of the reinforcement are normally much higher
10

than the matrix. Therefore, fibres act as the main load bearing component. To
firmly bond fibres together, however, there must be a matrix material with
strong adhesion properties [18]. These possess the characteristics of high
specific strength, high specific modulus, good fatigue resistance, good
damping effect and high damage tolerance. However, the cons of the PMC’s
are low thermal resistance and high coefficient of thermal expansion.
Properties of the produced polymer composite can be determined by
properties of the fibres and matrix, orientation of the fibres and concentration
of the fibres [15].
The first ever developed and applied PMC material was glass fibre composite.
It was developed in the 1940s. Later, many have started developing a new
composition due to its enhanced properties. The most commonly used fibres
are carbon fibres, aramid fibres and other high-performance fibres [19]. The
PMC’s are used in the aircraft and aerospace industries, construction
industries, in construction of ships, electrical and electronic industries and so
on [18].

2.1.4 Summary
Statistical data on composite materials can be difficult to locate, both because
of the size of market and for proprietary reasons (companies do not generally
publish commercially sensitive production data). Nearly 3.9 million tons of
composites were developed in 1990 [18]. Most of the composites were
developed in the United States and Western Europe, accounting for 1.503
million tons and 1.485 million tons respectively. Approximately 0.643 million
tons was developed in Japan and another 0.106 in China. Nonetheless,
compared to the production of structural materials, the total output of
11

composite materials is small. The production of steel composite output is
thousands of megatons, and plastic composites also touches hundred
megatons. Thus, there is a greater chance for increasing the market of the
composites [18].
Having considered the different ways to fabricate composites, it is important
to select the type of composite based on the requirements. For instance,
automobile industries mostly use aluminum or magnesium on a larger scale
owing to its lightweight characteristics. Some limitations of PMC over MMC
are that MMC possess higher stiffness and strength, higher working
temperatures, higher thermal conductivity, higher electrical conductivity,
higher joining characters and small or no contamination [20]. MMC selected
behalf of this reason. Limitations of PMC and CMC are also the reasons for
considering the MMC. For instance, PMC possesses less low thermal
resistance and CMC is difficult to machine besides being so costly. Table 2
describes the summarized properties and fabrication methods of the polymer
matrix, metal matrix and CMCs.

Composite
types

MMC

PMC

CMC

Density

Medium

Low

Medium

Creep
resistance

High

High

Low

Strength

High tension and
high compression

High tension and
high compression

Medium tension
and high
compression
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Modulus

Very high

Medium

Very high

Fatigue

Medium

High

Low

Fracture
toughness

Medium

High

Low

Sheet Moulding

Solid State

-Injection
moulding

- Powder
Metallurgy

-Resin Transfer
moulding

- Foil Diffusion
Bonding

-Prepreg Tape
Fabrication Lay-up
methods - Pultrusion
- Filament
Winding
- Thermal
Forming

Liquid State
- Electroplating/forming
- Stir Casting
- Pressure
Infiltration
- Squeeze Casting
- Spray Deposition
Vapor Deposition
- Physical Vapor
deposition
In-situ fabrication
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Conventional
Ceramic
Consolidation
- Cold pressing
and sintering
Porous Pre-form
Infiltration
- Polymer
Infiltration and
Pyrolysis (PIP)
- Reactive Liquid
Infiltration
- Chemical Vapor
Infiltration (CVI)

Cost

Medium

Low

High

Table 1 Summary of the properties of composites [11] [21].

2.2 Microstructure of metal matrix composites
The potential for unlimited variation is provided by the possibility of mixing
different material systems such as metallic, ceramic or polymer. The
properties of these new materials are determined fundamentally by the
characteristics of their single components. Composite material is a material
consisting of two or more separate phases with significantly different bulk
properties forming those of each of the constituents. The two constituents are
matrix phase and the reinforced phase which possess different chemical and
mechanical properties.

2.2.1 Matrix
The primary phase of the composite is the matrix. Basically, the matrix is a
homogeneous and monolithic substance in which a composite fibre
framework is embedded and it is continuous. A medium for binding and
holding reinforcements together into a solid is given by the matrix. It provides
protection against environmental damage to the reinforcements, serves to
carry load, and offers finish, texture, colour, durability and functionality.
Having chosen MMC as the composite of interest, choosing the kind of matrix
is also very critical. There are a wide range of metals that are used in the
development of composites that include aluminum, magnesium, titanium,
14

nickel and so on. Each of which has got its own reasons to impart its
application in the market.

2.2.1.1 Aluminum
Aluminum is the second most abundant metallic element on earth, and as
recently as the end of the 19th century, it became an economic competitor in
engineering applications [22]. Many industries are repeatedly working to
reduce the fuel consumption of the vehicle by reducing its total mass. For this
purpose, aluminum is selected as it is the best for its lightweight property. The
melting point of aluminum is 660 °C and the density is 2.8 g/cm3. It is
categorized into several series ranging from 1xxx to 8xxx based on its
properties with evolving characteristics. Table 2 describes the different types
of alloying elements along with its principle material and applications. Among
this, in 6xxx (Al-Mg-Si) series, Al6061 is most commonly used everywhere
in the industries [23]. The profuse use of Al6061 is due to its characteristics
like it is easy to machine, weldable, possess good corrosion resistance and
possess good formability [24] [25] [26]. The major drawback of Al6061 is its
poor wear resistance to frictions and the medium strength [6].
Alloys

Principle element

1xxx

Unalloyed

2xxx

Copper

3xxx

Manganese
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Uses
Electrical and chemical
industries
Aircraft
Architectural application
and other purposes

Welding rods and brazing
sheets
Marine applications

4xxx

Silicon

5xxx

Magnesium

6xxx

Silicon and Magnesium

7xxx

Zinc

Aircraft and other high
strength applications

Tin

High temperature required
application

8xxx

Automobile industries,
aircraft, marine applications

Table 2 Aluminum alloys principle elements and its uses [22] [27]

2.2.1.2 Magnesium
Magnesium (Mg) is a metal which is also widely used in automotive and
aviation industries. It possesses similar characteristics to that of aluminum
such as melting point of 650°C and almost the same coefficient of thermal
expansion. The density of magnesium is 1.7 g/cm3 which is nearly one-third
of aluminum. This characteristic of magnesium makes it attractive to be
employed in the industries. However, there are some major limitations of
magnesium when compared to aluminum metal. Magnesium is less stable as
it easily bends when stress is applied. Also, it is expensive and possesses less
strength than conventional aluminum metals. In addition to this, when it
comes to development of Magnesium metal matrix composites, magnesium
easily gets oxidized and requires coating as it is prone to corrosion. Therefore,
the processing steps for the fabrication of these composites are complicated
to some extent. However, this metal is also used more in the industries.

16

2.2.1.3 Titanium
Titanium is another metal which is gaining its attention as it has the potential
to replace steels. Titanium is also used in the place of aluminum when the
temperature requirements exceeds the aluminum [21]. There are two types of
crystallographic form of titanium namely α-titanium and β-titanium. In αtitanium, the atoms are arranged in an HCP structure and in β-titanium atoms
are arranged in a BCC crystal lattice [28]. This has a very good strength to
weight ratio as it is as strong as steel but lighter to an extent of 45%. The
density of titanium is 4.506 g/cm3 and its melting temperature is 1668 °C. This
high melting point acts as a limitation during fabrication of composites as this
may result in increased formation of pores. When it comes to economical and
efficient development of MMCs, using titanium as a metal matrix may impose
a disadvantage due to its higher cost.

2.2.2 Reinforcement
The second phase is added in the matrix in a discontinuous form. This phase
is called reinforcement or dispersed phase. This dispersed phase is usually
stronger than the matrix. The materials used for reinforcement may be organic
fibres, metallic fibres, ceramic fibres and particles [11]. Figure 4, 5, 6, 7 and
8 indicates the types of reinforcement used in MMC.

17

Figure 4 Metal Matrix Composite reinforcement types.

2.2.2.1 Particle reinforced composite
These can be further divided into two subgroups: 1) large particles and 2)
dispersion strengthened composites. The distinction between these is based
on the process of reinforcement or strengthening. Figure 5 shows the particle
reinforced composite.

Figure 5 Particle reinforcement [29]
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2.2.2.1.1 Large particle composite
The term large means that at the atomic or molecular level, particle-matrix
interactions cannot be addressed. The properties are a mixture of those of the
elements. Concrete is a familiar example of large-particle composite [30].
2.2.2.1.2 Dispersion-strengthened composite
This form of composite contains small particulates or dispersions which, by
blocking the movement of dislocations, increase the strength of the composite.
Typically, the dispersoid is a stable oxide of the original material. On the
atomic or molecular level, particle-matrix interactions occur and lead to
strengthening. Particles such as oxides do not react in order to maintain the
strengthening action at an elevated temperature [30].

2.2.2.2 Fibre reinforced composite
In order to manufacture products with high strength-to - weight ratios, these
are solid fibres submerged in a softer matrix. The material of the matrix
conveys the load to fibres, which absorb the stress. The length-to - diameter,
or aspect ratio of the fibres used as reinforcement affects the composite 's
properties. The greater the aspect ratio, the higher the composite. Therefore,
for composite construction, long, continuous fibres are better than short ones.
Continuous fibres, however, are harder to manufacture and locate in the
matrix. Shorter fibres in the matrix are simpler to put but provide weak
reinforcement [30]. Figure 6 shows the fibre reinforced composite.
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Figure 6 Fibre reinforcement [29]

2.2.2.3 Structural composite
When multidirectional stresses are applied within a single plane, aligned
layers are commonly used that are fastened together at various orientations,
one on top of another. These are called composite laminar. These are usually
intended at a lighter weight to provide high strength and low cost. Plywood is
a traditional structural composite. It is classified into two types namely Sheet
reinforced structural composite and continuous reinforcement. Figure 7 and
Figure 8 implies the structural composite.
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Figure 7 Sheet reinforcement [29]

Figure 8 Continuous reinforcement [29]

Reinforcements possess a greater impact on the properties and characteristics
of the composites developed. The MMCs demand a greater profile of
reinforcements for the enhanced properties of composites. Some of the desired
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characteristics of reinforcement are as follows thermal stability, low density,
mechanical compatibility, chemical compatibility, cost efficiency, good
processability. It is important to achieve many of the above-mentioned
characteristics. In organic, non-metals serve to be the perfect material to be
used as reinforcement as they exhibit most of the demanded characteristics of
reinforcement. As the metallic fibres have high density and potential to react
with the metal matrix, they are not used as reinforcing elements in the
development of composites because of which ceramic particles, carbon fibres
are used as reinforcements. Some of the commonly used reinforcements for
MMCs are SiC, Aluminum Oxide, TiC, WC, B4C, Gr, Graphene and so on.
The size of the reinforcements ranges from several micrometers to
nanometers. Table 3 describes the types of reinforcements used and average
diameter of the reinforcement.
Type

Diameter

Examples

Particle

1 – 25 µm

SiC, Al2O3, BN, B4C,
WC

Short fibres

1 – 5 µm

C, SiC, Al2O3

Continuous fibre

3 – 150 µm

SiC, C, B, Al2O3, W

Nanoparticles

<100 nm

C, Al2O3, SiC,
Graphene

Table 3 Typical reinforcements used in Metal Matrix Composites [20]

Particle- or discontinuously reinforced MMCs (the term discontinuously
reinforced MMCs is used to imply that MMCs are reinforced in the form of
short fibres, whiskers or particles) are of particular significance for the
following reasons:
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• Particle reinforced MMCs are not expensive compared to continuous
fibre reinforced MMCs. This is the main consideration while producing
the composites in a huge volume.
• It is possible to use processing by casting or powder metallurgy,
followed by traditional secondary processing by rolling, forging and
extrusion.
• Using at higher temperatures are possible than with the pure metals.
• Improved modulus and strength.
• Possess good wear resistance.
• In contrast to those of the fibre-reinforced composite, relatively
isotropic properties [20].
Although the material chosen as a reinforcement is important, the size and the
weight fraction of the reinforcement taken is also quite important to determine
the desired properties [9]. The densified structure, better hardness, higher
tensile or compression strength were seen compared to nano sized particles by
Joshi et al. [31]. These enhanced properties are due to Hall Petch effect [9].

2.2.2.4 Silicon Carbide
Silicon carbide consisting of silicon and carbide is one of the most inexpensive
reinforcements that is compatible with aluminum metal matrix. This material
has a tensile strength of about 240MPa, hardness of 600MPa, density of 3.21
g/cm³fracture toughness of 14 MPa.m1/2 With the sacrifice of ductility to a
small extent, silicon carbide reinforcements improve the yield strength and
elastic modulus of the metal matrix. As it possesses high hardness, the
applications of this particular reinforcement are wide that includes automobile
23

parts, electronic circuits, jewellery, nuclear fuel particles, cutting tools and so
on [32]. The before-mentioned mechanical properties such as yield strength,
elastic modulus and microhardness are found to be increasing with increase
in the concentration of silicon carbide [33].
Sijo et al. [34] analysed the effect of silicon carbide on AMMC using stir
casting technique. They considered 5% to 20% of silicon carbide
reinforcements for the development of AMMC. The results showed an
increase in the following characteristics such as tensile strength, elastic
modulus, hardness, fatigue behaviour, density, creep resistance, wear
resistance and impact strength. The ultimate strength of the composite was
also increased by increasing the volume fraction of the reinforcement.
Although these properties were increased, the ductility, forgeability and
cooling rates were decreased with the increase in silicon carbide
concentrations.
Md. Habibur Rahman et al. [32] worked on studying the characteristics of
silicon carbide reinforced AMMC. 5, 10, 20 wt% of SiC reinforcements were
used and it was observed that the 20% SiC reinforced AMMC showed
maximum Vickers hardness of 45.40, tensile strength of 77.56 MPa and
maximum wear resistance. At the same time, microanalysis showed clustering
and non - homogenization of SiC particles in the metal matrix. This was due
to the entrapment of air bubbles and agglomeration of SiC particles that
increases the porosity levels that can be avoided to a certain extent by
optimizing the stirring parameters.
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2.2.2.5 Tungsten Carbide
Tungsten carbide, most known as carbide is an inorganic compound made of
Tungsten and carbon atoms in equal ratio. Due to its high stiffness, low
density, high strength, high rigidity, strong chemical stability and enhanced
high temperature resistance, WC is a commonly used ceramic material
reinforcement material in aluminum alloy. It possesses about 1630 Mohs scale
of hardness, 15.6 g / cm3 of density, 344.8 MPa of tensile strength and 629
GPa modulus. It is popularly used in heavy equipment, instruments, abrasives
and high hardness as well. It is essentially used in the manufacture of friction
pads and furnace liner tubes, etc. The carbide of tungsten is about three times
stiffer than steel and much stronger than steel [35].
N Arun babu et al. [35] determined the characteristics of microns sized WC
reinforced AMMC. The wt% of WC was taken from 1.5wt% to 6wt% with
intervals of 1.5% in steps of 4. The microstructural analysis revealed that
uniform distribution and homogeneity were observed up to 6wt% of WC
reinforced AMMC. The hardness and tensile strength were found to be
increasing with increase in the wt% of WC. However, the impact test showed
that the toughness was found to be decreasing with the increase in WC. This
was due to the increase in brittleness of the composite with the increase in
addition of WC.
S Arivukkarasan et al. [36] analysed on the mechanical and tribological
behaviour of WC reinforced AMMC by stir casting technique. They
considered varying wt% WC such as 5, 10 and 15wt% of WC. The
microstructural analysis revealed uniform distribution of WC in the matrix
owing to the appropriate stirring process and parameters. Also, usually an
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increase in WC will increase the porosity in the developed composite but, in
this case, no porosity was encountered in the composite. Hardness value
increased from 119.03 to 214.77 VHN in 5wt% to 15wt%. The tensile strength
and the impact strength also increased with increase in wt% of WC with the
maximum wear resistance found to be in 15 wt% WC reinforced AMMC.

2.2.2.6 Titanium Carbide
TiC is usually obtained using the reaction between Titanium and carbon
containing elements. The density, tensile strength, and Vickers hardness value
of TiC is 4.506 g/cm³, 434 MPa, 3230 VHN respectively. All these attributes
make it one of the suitable reinforcements to be used in developing the
composites. Being a heat-resistant material, super-hard, high-melting material
TiC is commonly used in the manufacture of metal-working instruments,
protective coatings and carbide steel. Nano-condition output TiC enables new
uses, including various kinds of composite materials [37].

2.2.2.7 Graphene
Carbon based reinforcements are being used in developing aluminum,
magnesium and copper-based metal composites that are proved to have
increased mechanical properties. Graphene is one such allotrope of carbon
which is flat, monolayered packed in two-dimensional form that has got a
significant position in the reinforcements list. While Gr is also being
employed as a potential reinforcement, graphene overcomes Gr with its
advantageous properties. Graphene reduces the formation of carbides in the
composites and possesses a tensile strength of about 130 GPa, elastic modulus
ranging between 0.5 - 1 TPa, thermal conductivity of 5.3 ×103 Wm-1K-1 and
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density of 2.267 g/cm3. In addition to its better mechanical properties,
graphene is also cost efficient [25]. Due to all these factors, graphene is widely
used in portable electronics, components in the aviation and automobile
industries, chemical sensors and energy storage devices [38].
H.G. Prashantha Kumar et al. [39] worked on the processing and
characterization of Al6061 and graphene nanocomposites. AL6061 was
reinforced with varied graphene composites ranging from 0.25 wt% to 1 wt%.
SEM analysis revealed that the graphene was distributed in a single layer and
dispersed homogeneously in the matrix phase. The Vickers hardness of
graphene reinforced composites were found to be superior to that of the pure
aluminum. The hardness value increased until 0.5 wt% graphene. It was
suggested that the increase in hardness was due to the formation of aluminum
carbide but, the XRD analysis showed no peaks to confirm the formation of
aluminum carbide.

2.2.3 Summary
Considering the matrix discussed above, aluminum is most widely used metal
in the industries than the other materials owing to its properties. Since, Al6061
has profuse use in automotive, aircraft and other industries it is used as a
matrix. From the above-mentioned reinforcements that are employed in
developing the composites, hybrid reinforcements that have the potential to
be better than stand-alone reinforcements can be used. In that context, TiC
and graphene can be used as reinforcements in developing AMMC owing to
its superior mechanical properties such as hardness, high tensile strength,
wear resistance and so on. The composition ranges of the TiC and graphene
can be considered from the literature studies.
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2.3 Processing of Metal Matrix Composite
The main challenge in the fabrication of composite involves the uniform
distribution of the reinforcement into the matrix to achieve the defect free
microstructure. The reinforcing stages in the composite may be either particles
or fibres, depending on the shape. The relatively low cost of material and
suitability for automated processing have made the particulate reinforced
composite superior for automotive applications than the fibre reinforced
composite. The reinforcements are incorporated into the aluminum matrix via
following ways like stir casting technique and squeeze casting [40].

2.3.1 Stir casting
Stir Casting is a liquid-state manufacturing process of composite materials in
which a dispersed phase (ceramic particles, short fibres) is combined by
mechanical stirring with a molten matrix metal. The liquid composite material
is then cast using traditional methods of casting and can also be processed
using conventional technologies for metal forming. The process parameters in
the stir casting methods affect the properties of the producing composite.
Some of the parameters are stirring speed, stirring time, wetting elements,
reinforcement preheating, preheating of mold and pouring temperature [41].
Figure 9 shows the steps that are involved in the standard stir casting process.
Figure 10 shows the model of stir casting machine.

28

Figure 9 Steps involved in conventional stir casting process

Figure 10 Stir casting process [42]
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2.3.1.1 Stirring speed
Stirring speed is a significant parameter influencing the distribution within the
matrix material of the reinforcement particles. Stirring speed create a vortex
in the molten metal that influences the distribution of reinforcements in the
matrix resulting in reduced casting defect. It is also clear that wettability is
facilitated by stirring process. The flow pattern of the molten metal depends
directly on the stirring speed [43]. Without stirring, the reinforcement may get
agglomerated. Stirring is considered as a significant factor that promotes the
homogeneous distribution of the reinforcement particles in the molten metal,
the high-speed rotary mechanical stirrer or ultrasonic stirrer can be used for
efficient mechanical stirring to enhance wetting between the metal melt and
the reinforcing particles [44].

2.3.1.2 Stirring time
A significant process parameter in the stir casting process is stirring time.
Lower stirring time can lead to particle reinforcement clustering and nonhomogeneous reinforcement particle distribution results. Deformation of
stainless steel at stirrer impeller blade occurs at higher stirring time due to
high working temperature. In addition, the unnecessary high stirring time also
consumes more power, contributing to an increase in composite
manufacturing costs. The optimum value of the stirring time is therefore
important [45].
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2.3.1.3 Wetting elements
The incorporation into the aluminum melt of alloying elements such as
calcium and magnesium will increase the wettability of reinforcement
particles. In liquid aluminum, magnesium can be applied to increase
wettability, as it decreases surface tension. The presence of magnesium also
increases the alloy 's strength, it also reacts with oxygen and forms magnesium
oxide, allowing the blow holes in the casting to be reduced [46].

2.3.1.4 Preheating of reinforcement
In order to get rid of moisture content in the reinforcement that causes
detrimental effects to the fabrication, preheating of the reinforcement is
required. Heat the reinforcement at very high temperatures. The moisture
content in the reinforcement causes air bubbles which leads to the formation
of porosity and thus it affects the properties of the composites. It also increases
the wettability with the matrix alloy [47].

2.3.1.5 Preheating of mold
It is necessary to preheat the mould as it helps to extract the trapped gas from
the slurry otherwise it becomes the source of porosity, so it is a good solution
to avoid porosity [42].

2.3.1.6 Pouring rate
The pouring rate, the pouring temperature, the reinforcement size, the distance
between the mould and the crucible are essential factors for the casting
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quality, the pouring rate should be uniform and the pouring temperature
should be sufficiently high to prevent the entrapping of gases [6].

2.3.1.7 Problems in stir casting
The main disadvantages of stir casting process are,
• The problem of achieving a uniform distribution of reinforcement
material.
• Wettability between matrix and the reinforcement is poor.
• Formation of porosity is common in stir casting process [48].

2.3.2 Squeeze casting
The molten metal is forced-infiltrated into fibre bundles or preformed in this
technique, expelling all ingested and trapped gases This technique involves
inserting a preheated reinforcement preform into a preheated die, filling the
die with molten matrix metal, squeezing the molten metal into the preform
using a preheated ram hydraulic press, maintaining the pressure during
solidification, releasing the pressure and ejecting the final composite. The
preheated reinforcement is mounted in a preheated metal die, usually in the
form of a pre-compacted and inorganically bonded preform. Superheated
liquid metal is poured into the die and pressure is applied to push the metal
into the interstices between the reinforcing materials. The pressure needed for
the combination of matrix and reinforcement is a function of the friction
effects due to the molten matrix 's viscosity as it fills the ceramic preform.
Squeeze casting produces components less amount gas or porosity of
shrinkage [49].
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Figure 11 Schematic diagram of squeeze casting process [50]

2.3.2.1 Processes involved in squeeze casting
The squeeze casting process includes the following steps:
• A pre-specified quantity of molten metal is poured into a preheated die
cavity positioned on a hydraulic press bed.
• To seal off the die cavity and to pressurise the liquid metal, the press is
activated. This is achieved very easily, making the molten metal under
pressure to solidify.
• Until full solidification, the pressure is kept on the metal. This not only
increases the rate of heat transfer but can also remove the porosity of
macro or micro shrinkage most significantly. Furthermore, because the
nucleation of gas porosity is pressure-dependent, there is little
formation of porosity due to the dissolution of gases in the molten metal
[51].
• The punch is finally removed and the part is expelled.
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2.3.3 Summary
Comparing stir casting and squeeze casting processes, stir casting process is
simple, flexible and applicable to large quantity with economical advantage.
For these reasons, the most common commercial method of manufacturing
aluminum based composites is currently stir casting [52]. Table 4 describes
the study between stir casting and squeeze casting.

Method
Range of shape and
size

Stir casting
Not limited by size

Metal yield
Range of volume
fraction (%)
Damage to
reinforcement
Cost

Squeeze casting
Preform shape and
size up to 2 cm height

Medium

Low

0.3

Up to 0.45

Little damage

Severe damage

Moderate

Expensive

Table 4 Comparison between stir casting and squeeze casting [53].

To overcome the disadvantages like non uniform distribution, increased
porosity and poor wettability, in recent times, two step stir casting process is
employed [52]. In this process, the matrix material is heated so that it gets
melted into liquidus state. Then it is brought back to the temperature between
liquidus and solidus state i.e., semi-solid state. At this point, reinforcements
are added with stirring conditions.
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2.4 Analysis of the composite
2.4.1 Rockwell hardness
The Rockwell scale depends on the hardness of a material indentation. It
applies two loads on the specimen, major load and minor load. Comparing the
depth of penetration of the indenters caused by the major load and the
penetration caused by the minor load the hardness values are calculated. On
all metals, the Rockwell test method is used except in situations where the test
metal structure or surface conditions would introduce too much difference,
where the indentations would be too large for the application, or where its use
is forbidden by the sample size or sample form. The Rockwell hardness testing
uses different scales from A to H and K depends on the material used for
testing. Mostly used scales are ‘B’ and ‘C’ whose values are represented as
HRB and HRC. For aluminum alloys, the B scale is used for measuring the
hardness.
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Figure 12 Rockwell hardness digital machine [54]

2.4.2 Scanning Electron Microscopy
SEM is a test procedure that scans a sample to create a magnified image for
examination with an electron beam. The technique is also known as SEM
analysis and SEM microscopy and is used very efficiently in solid inorganic
materials microanalysis and failure analysis. Electron microscopy is carried
out at high magnifications, provides high-resolution images and tests very tiny
features and objects precisely. The sample is subjected to the high-energy
electron beam in SEM and it can provide several qualitative analyses,
including topography, morphology, composition and crystallographic detail,
for the specimen. In other words, it offers details on the characteristics of the
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surface and the texture, shape, size and arrangement of the particles that lie on
the surface of the sample. Thus, SEM is a valuable tool for material
characterization. Morphology shows the shape and scale, while topography
shows the surface features, texture, smoothness or roughness of an object or
"how it looks". Composition often means elements and compounds that make
up the material, while crystallography implies the arrangement of atoms in the
materials [55]. SEM is the leading apparatus capable of obtaining a highquality, 1 nm spatial resolution, accurate visual image of a particle.
Magnifications can be extended up to 300,000 times for this kind of apparatus
[56] [57]. While SEM is used only to visualise a material's surface images and
does not provide any internal information, it is still regarded as a powerful
tool that can be used to characterise the sample's crystallographic, magnetic
and electrical characteristics and to determine whether any morphological
changes in the particle have occurred after the sample surface has been
changed with other molecules.
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Figure 13 Scanning Electron Microscope [58]
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CHAPTER 3
EXPERIMENTAL PROCEDURE
3.1 Material
Graphene particle of nano (~ 5 to 10 nm) size and TiC particle of micron (~1
to 3 µm) size were used as a raw material as reinforcement as they possess
adequate properties and the Al6061 was used as a matrix due to its wide usage
in automotive industries. Table 5 describes the chemical composition of the
Al6061. Si and Mg are major composition in it. The thermophysical properties
of the graphene particle and TiC as well as the matrix alloy (Al6061) are
shown in Table 6. Since hardness is one of the important tests to be analyzed,
a comparison was made between different tempers of Al6061. The Brinell
hardness of Al6061-O, Al6061-T4 and Al6061-T6 tempers were found to be
30, 65 and 95 respectively. From this analysis, it was clearly seen that the
hardness of Al6061-T6 temper is the highest making it to be the hardest
material. Therefore, in this paper Al6061-T6 was taken.

Si

Cu

Fe

Mg

Mn

Zn

Pb

Ti

Sn

Al

0.64

0.23

0.22

0.85

0.03

0.22

0.1

0.01

0.01

Bal

Table 5 Al6061 chemical composition.
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Material

Al6061

Graphene

TiC

Elastic modulus (GPa)

68.9

130

188

Density (g.cm3)

2.7

2.267

4.93

Diameter (µm)

-

0.01

3

897

7100

877.8

167

5300

330

Specific heat capacity
(J/kg. K)
Thermal conductivity
(W/m. K)

Table 6 Thermophysical properties.

3.2 Two step stir casting technique
Over the past few decades, extensive study across the globe has been
dedicated to MMCs. In any form of manufacturing system used, the key
problems that remain unresolved are the distribution of the reinforcing
material in the alloy matrix. A new approach to manufacturing MMC using
stir casting technology is suggested in this research report. In this approach of
fabricating cast MMC, two stirring steps in which the MMC slurry is in a
semi-solid condition were applied to promote wettability between
reinforcement particles and the matrix alloy. Two step stir casting is employed
to reduce the agglomeration of particles since particles are mixed in a semi
solid state. Also, stirring parameters plays an important role for fabricating
the material with homogeneity in distribution of particles. Therefore, different
stirring speed and stirring times are considered and fabricated to test whether
the resulting material has uniform distribution. The parameters are discussed
below.
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Two step stir casting process is a liquid state fabrication process which was
employed in this composite production process to overcome the disadvantages
that lie within the conventional stir casting. The two step stir casting
fabrication method involves melting, adding the reinforcement, stirring and
solidifying. The main disadvantage of standard stir casting is the non uniform
distribution and agglomeration. Although, stirring parameters has major
impact on the outcome of the fabricated material. Totally four samples namely
A, B, C, D were taken with different stirring time and stirring speed and at
same weight percentage. Al6061's volume percentage is 95.7%, Graphene is
0.3% and TiC is 4%. Al6061's melting temperature was maintained at 750 ±
10 ° C and this is considered to be the optimized melting temperature and
above this viscosity of aluminum increases thus causes agglomeration of the
particles and in addition to that above 800 °C there might be a chance for some
chemical reaction between matrix and the reinforcement. The semi solid state
temperature was maintained at 600 ± 10 ° C. The pre-heat temperature of the
reinforcement was held at 800 ° C. Table 7 describes about the different
stirring parameters such as stirring speed and the stirring time that was used
in fabrication of hybrid based AMMC. Wettability is very much important for
the distribution of the particles in the matrix material and for that reason
Magnesium is generally used. Even though Mg is a good wetting agent, it
oxidizes at high temperature. Since, the process was carried out at high
temperature, Mg was not incorporated.
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Melting
Molten
Samples temperature temperature
(°C)
(°C)

Stirring
Stirring
Stirring
time in
time in
speed
semi solid
molten
(rpm)
state (mins) state (mins)
5
5
400

A

750

600

B

750

600

10

10

400

C

750

600

5

5

500

D

750

600

10

10

500

Table 7 Stirring parameters

The two step stir casting process basically contains a furnace to melt the
matrix and to preheat the reinforcement, a crucible to hold the matrix and
reinforcement and a rotor connected to a motor for rotation operation. The
stirrer can be operated upto 800 rpm. In this fabrication process, the cruible
and the stirrer, made of Gr and steel were coated with Boron nitride which
protects the metal sticking to the surface and avoids any chemical reactions.
Figure 15 provides the overall steps that were carried out in the two step stir
casting process.
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Figure 14 Overview of steps involved in Two step stir casting process.

Initially, the crucible was heated to remove any moisture present in the
crucible. Then the crucible was coated with the Boron nitride for the
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protection purpose. The Graphene and the TiC were preheated in a separate
furnace for 2 hours. Then, the Al6061 of 95.7% was deposited into the
crucible for melting purpose. The Al6061 was melted at 750 °C to get molten
liquidus state. Once the metal was completely melted, the molten matrix was
cooled down to 600 °C and brought back to its semi solid state where the first
step of stirring done. After that, the preheated reinforcements of Graphene
(0.3%) and TiC (4%) were added into to crucible. At that stage, the wettability
between matrix and the reinforcement increases. Then, the mechanical stirrer
was operated for 5 and 10 minutes to mix the reinforcement with the matrix.
Simultaneously, the mixture was again increased up to the liquidus state to
remove any void fractions followed by the stirring process (second stage of
stirring) for another 5 and 10 minutes at the speed of 400 rpm and 500 rpm.
Finally, the composite melt was poured into the mold for the solidification
process. The mold was also preheated to remove any wetness present in it.
Figure 16 shows the stir casting machine used for fabrication. Figure 17 shows
the time-temperature curve of stir casting process.

44

Figure 15 Stir casting machine
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Figure 16 Time temperature curve
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Figure 17 Specimen before and after machining

Once the hybrid AMMC was processed, machining the specimen was done to
obtain the surface finishing. Figure 17 shows the AMMC before machining
and after machining. After machining, the specimen was tested for structural
analysis and the mechanical property analysis. In micro structural analysis,
the specimens were checked for the micro cracks, presence of any voids and
their reasons, whether particles are agglomerated under these stirring
conditions. Macro hardness testing tells about the materials hardness
enhanced due to the mixing of reinforcements. Hardness values were
compared between the base aluminum and the fabricated AMMC.

3.3 Rockwell hardness testing
A macro hardness tester of the type FIE RASNE-3 was used to test the macro
hardness of the specimens. In this experiment Rockwell B scale was used. The
specimen was tested under the ASTM E18 standard. The indenter used in B
scale was 1/16-inch steel sphere. The Rockwell method measures the
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indentation 's permanent depth generated by a force / load by an indenter.
Next, a preliminary test force was applied to a sample using a diamond or ball
indenter (commonly referred to as a preload or minor load). To decrease the
effects of surface finish, this preload breaks through the surface. The
indentation baseline depth was measured after keeping the initial test force for
a given dwell period. An additional load, called the main load, was added to
the specimen next to the preload to meet the total necessary test load. To allow
for elastic recovery, the force was kept for a fixed period (dwell time). The
major load was then released, reverting to the preliminary load position. From
the difference in the baseline and final depth measurements, the Rockwell
hardness value was obtained. This gap was translated to a hardness number.
Figure 19 describes the indentation of minor and major loads in the Rockwell
hardness testing.
In this experiment, each sample was tested at 3 different positions for accuracy
namely top, middle, and bottom. The resulted values were averaged to get the
result of each specimen. Figure 20 shows the Rockwell macro hardness testing
machine used in the experimental process.

Figure 18 Rockwell hardness indentation [60]
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(a)

(b)

Figure 19 (a) Rockwell hardness testing machine (b) Specimen under testing

3.4 Scanning Electron Microscopy
The JEOL JSM 6360 Scanning electron microscopy was used in this analysis.
This SEM has maximum of 75000x magnification. The specimen was sized
to 10mm * 10mm of diameter and length respectively using wire cut since the
specimen should not be more than 1cm. Later, disc polishing and emery sheet
polishing has done to the specimen for the smooth surface finish. In this
experiment, the sample A, B, C and D were subjected to SEM analysis. Using
the SEM analysis, the specimen’s microstructure was studied to find whether
the material surface has any cracks, fractures, air voids, pits or any ridges.
Figure 20 shows the specimen after wire cut has done to the desired size.
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Figure 20 Specimen after wire cut
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Microstructural analysis
Microstructural analysis was done for the fabricated AMMC with the
composition of 4% of micron sized TiC and 0.3% of nano sized graphene
particles. From the analysis secondary electrons were captured to form the
images of the AMMC. Figure 20 shows the SEM images of the sample A, B,
C and D.

Cluster with
debonding

(a)

50

TiC Cluster and
debonding

(b)

Air void

TiC Cluster

(c)
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TiC
particles
Air void

(d)
Figure 21 Shows the SEM images of (a) sample A (b) sample B (c) sample C (d) sample
D

From the resulting images, the presence of TiC particles can be seen. In the
figures (a) and (b), i.e., sample A and B, the agglomeration of TiC particles
can be seen. Also, the bonded TiC particles got pulled out of the matrix can
be clearly seen. Debonding of TiC particle was caused due to hard and sharp
TiC particles. Sample A and B was fabricated at 10 mins and 20 mins
respectively in total of stirring time and 400 rpm of stirring speed. From the
figure (c), sample C, agglomerated TiC particle were clearly seen and there
was also the presence of voids. In the figure (d), i.e., sample D, the TiC
particles were distributed very well but we can see the voids which may be
due to the gas entrapment during the manufacturing process or due to the
elastic deformation. Sample C and D was fabricated at 10 mins and 20 mins
respectively in total of stirring time and 500 rpm of stirring speed. There were
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no cracks, fractures or ridges seen during the analysis in the samples. TiC
reacts with Al to form Al4C3 which is brittle in nature. More amount of Al4C3
leads to the fractures and cracks and thus this decreases the mechanical
properties. At this magnification, the nano sized graphene was not able to be
seen.
From the microstructural analysis, it can be concluded that the samples were
created without any cracks, fractures or ridges. From the samples that have
been analyzed, the Sample A and B possess poor distribution with the
presence of debonding of particles. This might be due to the lower stirring
speed. At this rate of rotation, particles might not distribute throughout the
aluminum matrix. In the sample C and D, the presence of micro air gaps can
be seen in both the samples and clustering of particles was noticed in the
sample C. The distribution of particles is satisfactory in the sample C and
sample D possess very good uniform distribution. So, at 500 rpm and 20 mins
of stirring produce qualitative results for the distribution of TiC particles in
the aluminum matrix.
Samples

Distribution
of particles

Voids

Ridges

Cracks

Debonding

A

Poor

No

No

No

Yes

B

Poor

No

No

No

Yes

C

Satisfactory

Yes

No

No

No

D

Excellent

Yes

No

No

No

Table 8 Overview of the microstructural analysis
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4.2 Hardness
In order to assess the effect of reinforcement on aluminum and the isotropy of
particle distribution, the Rockwell hardness of the matrix alloy and the
composite were evaluated. Hardness measurements were conducted using the
Rockwell B scale. The preference for the hardness scale of Rockwell rather
than Vickers was due to the greater indentation required to ensure accuracy in
the composite measurements. The results of the macro-hardness measurement
reveal that the increase in hardness with the addition of the reinforcement
particles as shown in figure 21.

Hardness (HRB)

Hardness (HRB)
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
Al6061

A

B

C

D

Samples

Figure 22 Rockwell hardness (HRB)

The samples were tested at three different area. From the tests, it was found
that the average results of sample Al6061, A, B, C and D are 55.73, 73.67,
77.63, 78.97, 80.73 respectively. The sample A has lower hardness comparing
the other three. This may be due to the lower stirring time that causes the
particles to get agglomerated in the aluminum matrix. From the results, it was
clear that the addition of reinforcement which is hard in nature increases the
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mechanical properties comparing to the base Al6061. Also, good bonding
between the reinforcement and the matrix results in the good hardness value.
The sample A has lower hardness comparing the other three. This may be due
to the lower stirring time that causes the particles to get agglomerated in the
aluminum matrix. Table 9 shows the hardness results and table 10 describes
the overview of the tests and the results.
Test 1

Test 2

Test 3

Average

(HRB)

(HRB)

(HRB)

(HRB)

Al6061-T6

54.5

56.8

55.9

55.73

A

72

76.7

72.3

73.67

B

76.5

79

77.4

77.63

C

79.2

79.4

78.3

78.97

D

79.7

81.2

81.3

80.73

Sample

Table 9 Hardness results (HRB)

Meltin Molte Stirring Stirrin Stirring Microstruct Hardn
time in g time speed
g
n
ural
ess
Sample
semi
in
tempe temper
(rpm)
Analysis (HRB)
s
solid
molte
rature ature
state
n state
(°C)
(°C)
(mins) (mins)
Al6061
55.73
A

750

600

5

5

400

Poor

73.67

B

750

600

10

10

400

Satisfactory

77.63

C

750

600

5

5

500

Satisfactory

78.97

D

750

600

10

10

500

Good

80.73

Table 10 Overview of the tests and the results
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CHAPTER 5
CONCLUSION AND FUTURE WORK
5.1 Conclusion
In this paper, fabrication of hybrid AMMC was done by optimizing the
process parameters of the fabricating technique. Totally four samples were
fabricated using two step stir casting process under various stirring conditions.
The SEM analysis has been carried out to see the microstructural formation
and the results have been studied. Also, the enhanced mechanical properties
of the developed composite were analyzed using the Rockwell hardness.
From the SEM microstructural analysis, the samples A, B and C, nonhomogeneous distribution of TiC particles were observed and the debonding
of the reinforcement was also seen which leads to the detrimental effects in
the composite. The sample D has the uniform distribution compared with the
other three samples. However, the presence of voids in sample D affects the
properties of the composite.
From the Rockwell hardness testing, the samples were tested with B scale
1/16-inch steel ball indenter. Before testing the samples, the specimen’s
surface finish is important. Therefore, surface finish was obtained using lathe
machining. From the results, the sample D shows the largest increment of
hardness than the monolithic Al6061 as well as samples A, B and C. The
hardness is increased from 22.4% to 30.9%. These results prove a good
incremental value which was obtained. This is due to the addition of
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reinforcement which is hard in nature and the stirring parameters which were
carried.
From both the analyses, sample D shows the best results. Even though there
is a presence of minor voids in the sample D, it showed better values than the
other samples. So, with 20 minutes of stirring, the 500 rpm of speed has the
better results than the other conditions of the parameters. Therefore, from the
analysis, it can be stated that increasing the stirring speed and stirring time
increases the mechanical and microstructural properties of the composite and
it paves the way for uniform distribution of the particles. Using two step stir
casting process, agglomeration of particles was reduced but not completely
avoided. Using more optimized stirring conditions and proper machining
setup, the air gaps and agglomeration can be reduced more further. From the
microstructural studies, the nano sized graphene particles were unable to be
seen. For this purpose, Transmission Electron Microscopy can be used to see
the nanoparticles in the composite which will allow to make a good analysis
on graphene nanoparticles as well. In addition, since nano particles has been
used, micro hardness analysis and Vickers hardness can be used to make the
hardness analysis more accurate.

5.2 Future work
Since the fabrication parameters matters in the final properties of the
composite, the future work of this study can be classified into the following
research area:
1.

Stirring must be done at different temperatures to study the resulting
properties.
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2.

The different composition percentage and size of the reinforcement must
be analysed.

3.

Transmission Electron Microscopy analysis must be carried out to
analyse the distribution of nano sized reinforcement particles.

4.

Testing for wear rate and tensile strength should be performed.
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